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EXPERIMENTA L TECHNIQUES APPLICABLE TO TURBUL ENT FLOWS

S. Lederman t
Polytechnic Institute of New York

Farmingdale, N. Y. 11735

Abstract this paper an attempt is being made to de-
termine simultaneously the concentration

The recently developed Laser Raman and of several species of interest in a flame,
Laser Doppler techniques may be ideally their individual temperatures as well as
suited for the diagnostics of combustion , the turbulen.-’~ intensity. The concentra—
Both techniques are nonintrusive and es— tion and tern .~~ ure is obtained using thesentially supplementary. However, under spontaneous Raman effect, and the turbulent
certain conditions the spontaneous Raman intensity by means of a L.D.V. using the
diagnostics may fail, due to excessive concentration and temperature data, an at—
noise, unwanted fluorescence and other tempt will be made to extract the ~lucuation
sources of inter ference. In order to alle— intensity and compare it with the intensity
viate these difficulties, an attempt has as obtained using the L.D.V. techniques.
been made to use the C~ R5 diagnostic meth— Furthermore, some data concerning specie
od. In this paper, after a review of the concentration in a flame are discussed
above—mentioned diagnostic techniques, some using the coherent antistokes Raman scat—
experimental results, and some data pro— tering method which, in spite of some dis—
cessing methods are discussed , which permit advantages as compared to the spontaneous
the extraction of turbulent information Raman effect, may be of major importance
from spontaneous Raman scattering. These in applications concerning combustion.
are compared to turbulent data as obtained
from L.D.V.. II. The Raman Effect

e,,, B , g , iO i..I. Introduction The Raman E~ Lect is t e p e—
nomenon of jight scattering from a mate-

As a result of the energy crisis, and rial medium, whereby the light undergoes
the fact that almost all of the energy de— a wavelength change and the scattering
rived from fossil fuels is obtained as a mo1e~ules an energy change in the scatter—product of a combustion process, the in— ing process. The Raman scattered light
terest in the detailed understanding of the has no phase relationship with the incident
phenomena involved in combustion, has been radiation. The Raman shifts correspond to
revitalized . It became clear that a better energy differences between discrete sta—
understanding of the processes involved is tionary states of the scattering system.
vital not only for more efficient designs Classically, the Raman Effect can be des—
of the combustors, with the associated cribed as the modulation of the scattered
savings in precious fuels, but from the light by the internal motions of the scat—
environmental point of view, it could pro— tering molecules. In this kind of analo—
vide an answer to the problem of protect— gy, the Raman lines would correspond to
ing the environment by a reduction or a the side bands, and the Rayleigh light to
possible elimination of the harmful exhaust the carrier frequency. This, of course,
emissions of combustion systems. It is would result in the Stokes and Anti—Stokes
well known that contrary to the highly de— lines having the same intensity, which is
veloped technology in practical design of not the case. Quantum theoretically, the
combustion systems, a scientific under— incident photons collide elastically or
standing of the details of the combustion inelastically with the molecules to give
processes is still in its infancy. How— Rayleigh and Raman lines, respectively,
ever, recent investigations and exchanges with the inelastic process much less prob—
of views in the scientific community (Ref. able than the elastic. When an inelastic
1,2,3,4,5) have contributed greatly to a collision occurs with the incident photon
systematic definition of the problems and furnishing energy to the molecule raising
delineation of some particular aspects of it to a higher energy level, the scattered
combustion which appear to be of major im— photon being of lower energy, gives rise
portance in reaching a detailed under— to the Stokes line. If the scattering
standing of the phenomena involved. It molecule gives up energy to the impinging
has been foun d that a phenomenon exerting photon and moves to a lower energy state,
a great deal of influence on the combus— the scattered photon gives rise to the
tion processes is turbulence. A knowledge Anti—Stokes line. Since the Anti—Stokes
of the turbulence level, instantaneous line must originate in molecules of high-
temperature and concentration of the er energy level, which are less abundant
species involved may be very useful in tin— at iiormal temperatures, the Anti—Stokes
derstanding the combustion process. Mod- lines would be expected to be much weaker
em developments in nonintrusive laser than the Stokes lines. The process of
diagnostic techniques of flow fields could light scattering can thus be visualized.
be of significant value in this context, as the absorption of an incident photon
if applicable to combustion processes. In of energy E by a molecule of a given m i —
IProfessor of Aerospace Engineering; Member, A IAA .
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tial state, raising the molecule to a ”vir— ple it is possible using Raman scattering
tual” state , from which it immediately re- to obtain instantaneously and simultaneous—
turns to a final stationary state emitting ly the temperature and specie concentration
a photon of the difference energy between in a mixture of gases. The former because
the two states and incident energy E. The the Raman transitions take place in a time
process is illustrated in Figure 1. of the order of fractions of pico—second s,

the latter, because both the Stokes and an-
This general qualitative behavior, ti—stokes intensities may be obtained simul—

• holds for the vibrational as well as rota— taneously .
• tional transitions, with the appropriate

selection rules, which tend to limit what A major drawback of the Raman diagnos—
appeared to be an extremely large number of tic technique, is the extremely small equi—
possible transitions and consequently large valent scattering cross—section , which de—
number of Raman lines, pending on the incid~nt laser frequency and

specie of interest may vary from 10 ~~cm2kr
Since for the purpose of this work the to lO~~

8cm3/sr. This low scatterin~vibrational Raman scattering is of direct cross—section forces not only a minimum
interest, it is worthwhile to examine the limit on the resolvability of specie con—
vibrational Raman response. It consists certtration, which is relatively high, and
essentially of three branches: may also limit the resolution of small

fluctuations in concentration in a flow
a) The intense Q branch for which field.

~n J =  0
b) The much weaker 0 branch for A recent new development in Raman

which t~J = — 2 Spectroscopy may, in some cases, improve
c) The much weaker S branch for these conditions. This new development.

which L~J = + 2 of the same known as CARS (Coherent Anti-Stokes Raman
intensity as the o branch. Scattering), has been shown to have an

equivalent Raman scattering cross—section
It can be shown that only about 1% of of up to 6 orders of magnitude higher than

the total vibrational intensity resides in the spontaneous Raman Effect. Consequent—
the 0 and S branches and as such is of ly, specie concentration levels, of several
minor importance as far as the present ap— orders of magnitude lower than before can
plication is concerned , be expected to be resolvable.

In quantitative terms the scattered in— The CARS Effect
tensity may be written as:

The coherent Anti—Stokes Raman Scat—
I , = CI N0f(T)f~.$ (1) tering Effect or cARS11 ,12 may be quali—

S 0 tatively described as a process by which a
photon v, interacts with a tunable photon,where c is a calibration constant of the u2 (Stokes photon of the given specie ofsystem,N is the number of scatterers, 0 is interest) through the third order nonlinearthe equivalent scattering cross—section, ° susceptibility to generate a polarizationsolid angle, and I the scattering length. component of the Anti—Stokes frequency

Equation 1 written in terms of the ~~~~~~~ d’~2j f l  
This is diagrammatically rep—

scattered signal photons, becomes: $ g.

E ~ ~ 
Quantitatively the Anti—Stokes scat—

n — ° (2)  tered power can be shown to be represented
s~~ E~ by:

and in terms of a voltage signal 
= 
2.77.1O’~~ [‘coh]2 ,

as L A
E N0.~~.Q.r r .G.E.R ~as as (5)

s~~ E .t. r NXI 
~
‘L ~ s

where E is the incident la ser energy, ~
and n tSe optical and quantum efficiencies where P , 

~L’ ~ 
are the powers of the

reape~ t.iveiy, G the gain of the photomulti— Anti-St~~es, inc!dent laser, and Stokes
plier, e the electron charge, R the load radiation respectively, I 

~, is the co—
resistance , E the energy of the scattered herence length in cm, n c1~ the index of
photon, and tr’the laser pulse duration. In refraction at the Anti—pokes frequency, A
thermal equilibrium, the ratio of the is

2the interaction crossectiona3. area inStokes to anti—Stokes intensity can provide cm t
a is the Anti—Stokes wavelength in cm cthe temperature according to the equation : and ~ !S the Raman Susceptibility .

h ~~+v The coherence length ~ defined as
P = —~~~[in ~~

— + 4 ln (~~)J ~~ where Ak=2k ,-k2-k3 may %~ written as: ____

It is clear from the above that in princi-

2 ~~~~~ 
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and the Raman Susceptibility ‘~‘ may be ex— Experimental Apparatuspressed as

2 4 The experimental apparatus used in this
— 2n  c (75 work consisted of 4 basic systems :

h ~~~
3
~ ’ 

d~)
$ R a) The basic Reman System used to ob-

tain temperature and concentrations of a
It is evident from ~q. (5) that unlike flow field or flame .

the relation of Eq. (1), the specie con— b) The L.D.V. system for velocity and
centration is not linearly related to the turbulent intensity .
scattered radiation. This negative feature c) The CARS System to obtain small
of CARS is o f f set by the much higher equi— traces of unburned methane in an air meth-
valent scattering cross—section (several ane flame .
orders of magnitude), than that Df the d) The jet and combustion system.
spontaneous Raman Effect. The magnitude of
the equivalent scattering cross—section , A diagramatic representation of the
however, cannot be the only criterion by complete experimental apparatus is shown in
which the above diagnostic techniques may Figs. 3, 4 and 5 and some photographic
be evaluated. Other features must be con— views in Figs. 6 and 7. A full description
sidered. For example: the spontaneous of the experimental apparatus is given ~~i
Raman Effect permits the measurement of Refs. 7, 13. The basic components of the
many specie s~~’ which may be present in a apparatus are indicated in the schematic
given system, simultaneously using a single diagram s.
primary laser . This is not possible with
the CARS diagnostic method . The spontane- A common component in the above experi-
ous Raman diagnostics is single ended~

4. mental arrangements is the data processing
That is, the transmitter and receiver may system , consisting of a data acquisition ,
use the same optics or may be located in storage and computing facility . This
proximity to each other. This is not pos— system allows the acquisition of a large a-
sjble with CARS, except by using remotely mount of experimental data , store the raw
located reflecting mirrors. CARS, on the data , and subsequently retrieve, analyze
other hand, due to its coherent high in— and present in a proper manner . This ap-
tensity beam, may be advantageous in paratus permits the acquisition of data
systems with high background illumination, concerning concentration and temperature of
fluorescence, or radiation which may, in several species in the flow field as well
some cases, make measurements with the as the velocity of the flow simultaneously .

• spontaneous Raman Effect impossible,
Experimental Results and Discussion

The L.D.V.
Using the above experimental facility,

• The Laser Doppler Velocitymeter~” 
5~~j sc , 

specie concentration, temperature , velocity
as is well known is based on The Doppler and turbulent intensity profiles have been

• principle. Thus, if a small volume in a obtained in a flame simultaneously. Some
flowfield (Fig. 3) is illuminated by a sample profiles are shown in the next sev—
laser beam , the frequency of the laser eral figures. Thus Fig.  8 presents a
light scattered by moving particles in the normalized velocity profile and correspond—
volume, will appear to a stationery observ— ing turbulence intensity in an air methane
er as shifted in frequency from the m ci— flame at x/D=5.2. Fig. 9 is a sample norm-
dent beam. This shift in frequency being alized concentration profile of N ~~n the
proportional to the velocity of the scat— same flame at the same x/D station. The
tering particle. The L.D.V . has been de— corresponding fluctuation intensity ob—
veloped in the last several years to such tam ed from the N concentration data and
an extent, that is now becoming a standard processed similar~y as the velocity data isbasic instrument in most laboratories deal— shown in the same figure .
ing with flowfield phonomena. A particu-
larly useful application of the L.D.V. is A similar profile of CO concentration
in acquiring information on turbulent par— in the same flame at the sa~ e station ar’d
ameters in flowfields and combustions i? . at the same time is shown in Fig. 10 with
In a one dimensional Doppler system the the corresponding concentration fluctua-
mean velocity may be represented by: tion intensity . The temperature profiles

f d as obtained from N and CO and the i r  cor—
— 

Oj 1. ~‘ responding fluctua?ion injnsities are
U = (8) shown in Fig , 11 and 12. Fig. 13 and Fig.

N2s.in 2 14 present the coherent anti-stokes Ransan
and th~ RMS value of turbulence for intensities as obtained using the system
u ’= u—u by: shown in Fig. 4 and Fig. 7, for methane

and hydrogen a~ a function of pressure .

3
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Using the same CARS system and sub— ~Placzek , G., “Rayleigh Streuung and Raman

stituting a fl ame for the pressure cell , E f f ect ” , Hanbuch der Radiologie, Leipzig:
an attempt has been made to obtain concen— Akademische Verlagegesellshaft VI, 1934.
tration of unburned methane in an air ‘Lederman , S., “Modern Diagnostics of Corn—
methane flame . Several points representing bustion , AIA~ Paper No. 76-26the concentration of residual  unburned ~Herzberg, G., “Spectra of Diatomic Mole—methane were obtained . The data at the cules”, D. Van Nostrand Co., N. Y. 1963.
moment are of a preliminary nature at a 9Widhopf, G., Lederman , S., “Specie Con—
point in the flame . An attempt to obtain centration Measurements Utilizing Raman
concentra tion measurements of methane , Sca ttering of a Laser Beam ”, A IAA J. 9—
using the spontaneous Ramars effect and the 1971., PIBAL Rep. No. 69—46, Nov. 1969.
available laser under the same flame con— ~°Lapp, M. and Penny C., Editors, “Laserditions proved unsuccessful due to the Raman Gas Diagnostics”, Plenum Press N.Y.,
small amount of unburned methane left in and London 1974.
the flame . This result  points out the ‘1 Begley, R.F,, Harvey, A.B., and Byer,
usefu lness of CARS under adverse conditiorm R.L., “Coherent Anti Stokes Raman Spectro—
of noise and minimal amounts of the species scopy Appl . Phys. Letters Vol . 25, No. 7,
of interest in a given system . lp4.

1 Regnier, P.R., Moya, F., Taran, J.P.E.,
From the concentration data as shown “Gas Concentration Measurement By Coherent

in Fig. 9 and 10 a parameter proportional Raman Antistokes Scattering”, A IAA Paper
to the so called chemical mixedness term1 

No. 73—702, July 1973.
may be found. This parameter of impor- 3 3Lederman, S., Bornstein, J., Celentano ,
tance in turbulence modeling may be ob— A., Glaser , J., “Tempera ture Concentration
tam ed here because of the fact that the and Velocity Measurements in a Jet and
concentrations of the individual species Flame” ., Proj. SQUID, Tech. Rep. PIB—33—PU .
are obtained simu ltaenously when using the 14Stevenson , W.H,, Thompson , M.D., Editors:
single pulse Raman scattering diagnostic “The Use of Laser Doppler Velocimeter For
method . For the 2 examples of specie con- Flow Measurements” , Proceedings of a Work—
centrations in a flame as shown in Fig. 9 shop Project SQUID, 1972.
and 10, this parameter is shown in Fig. 15. 

~~Thompson, H. D. and Stevenson, W. H.,
Edi tors: “Second International Workshop

Returning to the velocity, concentra— on Laser Velocimetry ”, Vol. I and Vol. II,
tion, temperature and turbulence intensity Project SQUID, 1974.
measurements, it is evident that the L.D.V. ‘6Yule, A.J., Chiqier , N.A.,Atakan, S.,
and the Spontaneous Raman diagnostic system Ungut, A., “Particle Size and Velocity
are capable of providing most of the im— Measurement By Laser Anemometry ” , AThA
portant information in a flow field . In Paper No. 77—214.
add ition , a first attempt has been made
here to extract a parameter which can be
related to the mixedness which is most use—

STO~5ES ~6V .*itfs~1 in turbulence modeling. %c(35 TRSNSIT)ONS
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